Background/Aims: Genomic adaptations to high altitudes have been well studied in the last several years; however, the roles of microRNAs (miRNAs), which are essential modulators of a variety of genes and key cellular processes, have rarely been explored. Here, we explored the interactions between miRNAs and their target genes as an adaptation to high altitude in an avian species, the great tit (Parus major), which is widely distributed across the Eurasian continent at altitudes between 4500 m and sea level. Because the MAPK signaling pathway plays a crucial role in the hypoxia response in the great tit, we chose MAPK1 as a target candidate gene. Methods: We established a great tit embryonic fibroblast line and subsequently studied the relationship between miRNA-19b-3p and MAPK1 in normoxia and hypoxia groups. Meanwhile, the great tit embryonic fibroblasts (GEFs) were treated or transfected with miR-19b-3p mimics, inhibitors, or si-MAPK1, and their proliferation was subsequently assessed using the MTT assay. The expression of the miRNAs and MAPK1 was measured by real-time PCR and Western blotting. Results: We identified 14 miRNAs in the cardiac tissues of great tits that are related to hypoxia adaptation. MAPK1 binds only to miR19b-3p of the 14 miRNAs predicted by both TargetScan and miRanda software. Specifically, we validated the computational prediction of miR-19b-3p binding to the 3'UTR of MAPK1 using a luciferase reporter assay. Our results show that miR-19b-3p promotes GEFs proliferation and up-regulates MAPK1 expression. Moreover, miR-19b-3p mimics and MAPK1 knockdown induce GEFs apoptosis and regulate the cell cycle under hypoxic conditions. Conclusions: Our study is the first to describe an important miRNA-mediated regulatory mechanism of high altitude adaptation in a non-model wild songbird and highlights the importance of studies on miRNA-mediated mechanisms of hypoxic adaptations in other animals.
Introduction
MicroRNAs (miRNAs) are a group of non-coding RNAs (~22 nt) that silence gene expression by binding to the coding region of target mRNAs or to the 3' UTR to decrease mRNA stability or prevent protein translation. miRNAs are essential modulators of a variety of genes and key cellular development processes [1, 2] . miRNAs also have an important relationship with hypoxia. As shown in a previous study, miR-190 appears to be a positive regulator of Ca 2+ influx in arterial smooth muscle cells and plays an important role in hypoxic pulmonary vascular constriction [3] . Hypoxia significantly modifies the miRNA profile in the heart and liver, which regulate diverse cellular and molecular functions. Therefore, it is possible to alter hypoxia/ischemic pathophysiology in the heart [4] or liver [5] . miR-126 [6] , miR-139 [7] and miR-208 [8] have been shown to be especially protective from the effect on hypoxia/ischemia-or hypoxia/reoxygenation-induced injury in human cardiac tissue. miR-200 mediates the protective effects of erythropoietin on epithelial-mesenchymal transition in hypoxic HK-2 cells [9] . miR-429 has been shown to promote differentiation of osteoblastic cells by hypoxia [10] . Suppression of the hypoxia-induced apoptosis-stimulating protein p53-2 has been mainly attributed to elevated miR-205 levels in another study [11] . Strategies targeting miR-19b-3p may constitute a thought-provoking approach to ameliorate Japanese encephalitis virus-mediated inflammation [12] . According to recent studies, miR19b-3p is associated with various cancers, such as prostate cancer [13] , gastric cancer [14] , nasopharyngeal carcinoma [15] , and lung adenocarcinoma [16] . Moreover, miR-19b-3p is a novel biomarker for the early diagnosis of acute myocardial infarction [17] and is related to primary myelofibrosis [18] , Fragile X syndrome [19] , hyperlipidemia and hepatic insulin resistance [20] . Based on these findings, miR-19b-3p plays a crucial role as a novel biomarker for the early diagnosis of different cancers induced by hypoxia.
We used a non-model bird species, the great tit (Parus major), which is widely distributed across the Eurasian continent encircling the central Asian desert and the QinghaiTibet Plateau (QTP), to determine whether any miRNAs contribute the genetic response to hypoxic conditions and identify their functional effects. In the southwestern mountains (SWM), the great tit is distributed between 2000 and 4500 meters above sea level. The highaltitude population of great tits shows an accelerated genetic selection for carbohydrate energy metabolism and the hypoxia response (e.g., the MAPK signaling pathway) compared to lowland populations [21] . Due to the crucial role of the MAPK signaling pathway in the hypoxia response in the great tit, we chose MAPK1 as a candidate gene. We hypothesized that miRNAs might play an essential role in regulating the MAPK1-mediated hypoxia response.
In this study, we first detected a set of differentially expressed miRNAs between highaltitude and low-altitude populations of great tit to examine this possibility. The result showed that MAPK1 bound only miR-19b-3p of the 14 miRNAs predicted by both TargetScan and miRanda software. We therefore validated the computational prediction of miR-19b-3p binding to the 3'UTR of MAPK1 using a luciferase reporter assay. We established the great tit embryonic fibroblast cell line and studied the relationship between miRNA-19b-3p and MAPK1 in these cells.
Materials and Methods
Sequencing of the miRNA transcriptome Tissue samples were obtained from the QTP (high altitude) and Beijing region (low altitude). The field collection of embryos was performed with the permission of the State Forestry Administration of China and conformed to the National Wildlife Conservation Law of China. All animals in this study were maintained in accordance with guidelines established by the Institute of Zoology for the care and use of experimental animals. Our experiments were also approved by the animal experimental and medical ethics committee of the Institute of Zoology, Chinese Academy of Sciences.
Total RNA was extracted using TRIzol (Sangon, Shanghai, China), according to the manufacturer's instructions. RNA concentrations and quality were estimated from the optical density measured at 260 and 280 nm using a UV spectrophotometer. Small RNA libraries were constructed using a TruSeq small RNA sample preparation kit (Illumina). Briefly, the 3' and 5' RNA adapters were ligated to the corresponding ends of small RNAs. Following adapter ligation, cDNAs were synthesized from all individual samples, according to the manufacturer's instructions (TaKaRa, RR014A, China). The cDNA products were PCR-amplified with index primers that were complementary to the ends of the adapter sequences. The PCR amplicons were sequenced on an Illumina HiSeq TM 2500/MiSeq sequencing system. The signature hairpin structure of miRNA precursor has been used to predict new miRNAs, and we integrated miREvo [22] and mirdeep2 [23] to analyze the new miRNAs. The miRNA read counts were normalized by transcripts per million (TPM) when comparing miRNA expression levels [24] . We identified differentially expressed genes from RNA-seq data using DESeq [25, 26] .
Computational prediction of miRNA targets
Three established miRNA target prediction algorithms, TargetScan5.1, miRbase, and miRGene prediction analyses, were used to identify the candidate miRNAs that potentially targeted genes related to the hypoxia adaptation. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were used to identify the metabolic pathways and signaling pathways in which the predicted target genes were involved [27] . We used the delta-delta Ct method to calculate fold changes [28] .
Validation using an in vitro luciferase assay Dual luciferase reporters were constructed. A fragment of the MAPK1 mRNA (XM_015644102.2) containing the predicted binding site for pma-miR-19b-3p was synthesized (Table 2 ) and subcloned downstream of the luciferase reporter gene in the psiCHECKTM-2 vector. MAPK1 mRNA 3'-UTR/mutant MAPK1 mRNA 3'-UTR and miR-19b-3p/negative control (nc) were co-transfected into 293T cells. The activities of the firefly and Renilla luciferases were measured 48 h after transfection with the Dual-Luciferase Reporter Assay System (Promega, E1910) using a luminometer (Promega). The results were expressed as the ratio of Renilla/firefly luciferase activity (mean ± S.E.M.) from six independent replicates.
Assessment of the co-localization of miR-19b-3p and its targets using in situ hybridization
A combined two-color fluorescence in situ analysis of miRNA-19b-3p and MAPK1 localization in the heart tissue from the great tit was performed by co-labelling the miRNA and its target gene [29] . An antisense locked nucleic acid detection probe for miR-19b-3p was labeled with CY3, and the sense probe for MAPK1 was labeled with FITC. The heart tissue was fixed with 4% paraformaldehyde overnight. The paraffin-embedded integument tissue slides were deparaffinized in xylene, rehydrated with an ethanol gradient, digested with 20 μg/ml proteinase K at 37℃ for 15 min, and incubated with the locked nucleic acid miRNA probes and its target RNA probe at 60℃ for 5 min. The slides were then hybridized for 7-15 h at 37℃ and washed with 0.2× SSC and 2% BSA at 4℃ for 5 min. The signals of the miRNA-19b-3p and MAPK1 probes were detected using an LSM 710 confocal fluorescence microscope.
Cell apoptosis and cell cycle detection
The effects of miRNA-19b-3p and MAPK1 on cell apoptosis and cell cycle distribution were evaluated using the Annexin V-FITC/PI Apoptosis Assay Kit (Vazyme Biotech Co., Ltd, NJ, USA) and the Cell Cycle Detection Kit (KeyGen Biotech, Nanjing, China), respectively, according to the manufacturers' protocols. Cells were resuspended in 1× binding buffer to a final density of 1 × 10 5 to 5 × 10 5 cells/ml. Five microliters of Annexin V-FITC were added to each 100 μl of suspended cells, mixed and incubated for 20 min at room temperature in the dark. Then, 5 μl of the propidium iodide staining solution was added, mixed and incubated at RT in the dark for 5 min. Finally, 400 μl of 1× binding buffer was added, mixed and analyzed on a flow cytometer (FACSCalibur, BD, Franklin Lakes, NJ, USA). The same method was used to analyze cell cycle profiles. Three replicated experiments were performed.
Quantitative Real-Time PCR (qRT-PCR)
The prepared cDNAs were amplified with QuantiTect SYBR Green PCR Kit (Qiagen, 204143, Germany) and gene-specific primers in a final reaction volume of 25 μl. The primer sequences are listed in Table 1 Biotech, Nanjing, China) for 30 min on ice, and centrifuged (12, 000 rpm) for 15 min at 4℃. Protein concentration of the lysates was determined using a BCA Protein Assay Kit (Vazyme Biotech, Nanjing, China). Proteins were separated on an 8% sodium dodecyl sulfide-polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Merck Millipore). Membranes were blocked using 5% non-fat dried milk in Tris-buffered saline with 0.1% Tween 20 (pH 7.6) for 1 h at room temperature and then incubated with a chip-grade MAPK1 (ERK2) antibody (1:200, R&D, MAB1230-SP) overnight at 4℃. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Horseradish peroxidase was detected using an enhanced chemiluminescence detection system (ECL Kit; Thermo Scientific, USA).
MTT analysis
Cell proliferation was measured with an MTT assay. Cells in each well of 96-well plates were treated with miR-19b-3p and MAPK1. After 0, 24, 48 and 72 h incubations, cells were treated with a 5 mg/ml MTT solution for 4 h at 37°C. The MTT solution was discarded and formazan crystals were dissolved in 150 μl of DMSO. Finally, the absorbance was measured at 490 nm using a microplate reader.
Glucose assay
To investigate whether MAPK1 regulates glucose metabolism during GEF growth under hypoxic conditions, glucose concentrations in media were measured using a colorimetric glucose assay kit (Sigma, US), according to the manufacturer' protocol.
Statistical analysis
All experimental data are presented as the mean ± S.E.M. of three independent experiments, and P < 0.05 was considered statistically significant. ANOVA and subsequent Tukey's post hoc tests were performed to determine the significance level of each effect. All statistical analyses were performed using SPSS 17.0.
Results

Identification of miRNAs
We sequenced transcriptomes of small RNAs in the heart tissue from both high-and lowaltitude great tits to identify the miRNAs associated with hypoxia adaptation in the species. Fourteen miRNAs related to the hypoxia response were differentially expressed between the high-and low-altitude great tits (Fig. 1A) , with 8 up-regulated and 6 down-regulated miRNAs. Of these 14 miRNAs, two novel miRNAs (novel_4 and novel_57) were identified 
in the great tit compared to the chicken (Fig. 1B) .
Prediction of miRNA targets
We examined the expression of target genes to identify the candidate miRNAs that potentially targeted genes related to the hypoxia adaptation. MAPK1 has been reported to be involved in accelerated selection in the highland great tit during the hypoxia adaptation [21] . MAPK1 only bound to miR19b-3p of the 14 miRNAs predicted by both TargetScan and miRanda software. The miRNA-target DEG networks were successfully integrated using Cytoscape software, and MAPK1 was one of the targets genes in the miRNA-target network (Fig. 2) .
Interaction and Colocalization of miR-19b-3p and MAPK1
We predicted putative seed match sites for miR-19b-3p in the 3'UTR of MAPK1 to determine whether miR-19b-3p interacted with the target gene MAPK1. A highly conserved binding site was identified (Fig. 3A) . Compared to the mutant, the luciferase activity of the wild-type MAPK1-3'UTR decreased by approximately 27% in the great tit embryonic fibroblasts (GEFs), according to the results of the promoterdriven luciferase assay. The negative control construct with mutations in the 3'UTR of MAPK1 (MAPK1-3'UTR Mut) showed no obvious change in luciferase activity (Fig. 3B) .
We used fluorescence in situ hybridization to analyze the expression of miR-19b-3p and its target and to determine whether miR-19b-3p co-localized with MAPK1 in the great tit heart. Notably, miR-19b-3p and MAPK1 were co-expressed in the great tit heart (Fig. 3C) , suggesting a direct, spatially constrained interaction between miR-19b-3p and MAPK1. 
miR-19b-3p promotes GEF proliferation and endogenous mRNA expression under hypoxic conditions
GEFs were cultured in vitro to investigate the effect of miR-19b-3p on follicle growth. The effects of increased miR-19b-3p expression on cell proliferation were measured using the MTT assay. The miR-19b-3p mimics or inhibitors significantly inhibited proliferation under normoxic conditions, whereas the hypoxic conditions had a positive impact on cell proliferation (Fig. 4A) . The miR-19b-3p mimics up-regulated the expression of miR-19b-3p (Fig. 4B) , whereas the inhibitors down-regulated miR-19b-3p expression 3.9-fold under normal conditions (P<0.05, Fig. 4C ). On the other hand, the mimics significantly up-regulated miR-19b-3p expression under hypoxic conditions (P<0.05, Fig. 4B ), and the inhibitors downregulated miR-19b-3p expression 1.4-fold (Fig. 4C) .
miR-19b-3p regulates MAPK1 expression in GEFs
We treated GEFs with miR-19b-3p mimics or inhibitors to confirm that MAPK1 is the direct target gene of miR-19b-3p in GEFs. Overexpression of miR-19b-3p significantly down-regulated MAPK1 mRNA expression under normal conditions (P<0.01); however, it significantly increased MAPK1 mRNA expression under hypoxic conditions (Fig. 5A) . Furthermore, when miR-19b-3p activity in GEFs was transiently inhibited by a miR-19b- 
3p inhibitor, the activation of MAPK1 expression by miR-19b-3p increased under normoxic conditions and reduced under hypoxic conditions (Fig. 5B) . Levels of the MAPK1 protein were significantly decreased by the miR-19b-3p mimics under normoxic conditions (P<0.01) but increased under hypoxic conditions (Fig. 5C, E) . In contrast, the miR-19b-3p inhibitors had the reverse effect on the level of the MAPK1 under normoxic conditions and significantly decreased the level of the MAPK1 protein under hypoxic conditions (P<0.05) (Fig. 5D and  5F ). 
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Cells treated with miR-19b-3p mimics exhibited a significant decrease in apoptosis under normoxic conditions (P<0.01) and a significant increase under hypoxic conditions (P<0.01, Fig. 7A ). No differences in the apoptosis rate were observed in GEFs transfected with the miR-19b-3p inhibitors (Fig. 7B) . In contrast, the apoptosis rate was significantly increased in GEFs transfected with si-MAPK1 under hypoxic conditions (P<0.05, Fig. 7C) . Analysis of the cell cycle revealed an increased percentage of cells in S phrase in the miR-19b-3p mimics group compared with the nc mimics group under normoxic conditions (Fig. 7D) . However, the percentages of cells in S phase decreased following treatment with miR-19b-3p mimics, inhibitors and si-MAPK1, and growth under normoxic conditions was comparable with that of cells grown under low-oxygen conditions ( Fig. 7E and 7F ).
miR-19b-3p and MAPK1 do not affect glucose concentrations
We used a colorimetric glucose assay to investigate whether miR-19b-3p and its target gene MAPK1 play roles in the responses to hypoxia that regulate glucose metabolism in GEFs. Glucose concentrations did not show significant changes in cells grown under either normal or hypoxic conditions (Fig. 7G ).
Discussion
Involvement of miRNAs in the hypoxic response
The high-altitude population of the great tit has evolved a genetic adaptation that enables them to survive in a natural extremely hypoxic environment. According to a previous study, miRNAs related to hypoxia exhibit significant changes in Tibetan pigs compared to other species [30] . To date, very few miRNAs have been reported to play important roles in avian adaptation to hypoxia at high altitudes. Our results provide new evidence that miRNAs also affect biological processes related to the adaptation to hypoxia in great tits.
Our results show that many miRNAs were involved in the hypoxia adaptation, some of which have also been reported to be involved in hypoxia preconditioning in humans. For example, miR-29a-3p decreases hypoxia-induced pulmonary hypertension activity and inhibits pulmonary adventitial fibroblast activation [31] . Another miRNAs, miR-205, promotes the epithelial-mesenchymal transition process in response to hypoxia and may be a therapeutic biomarker of cervical and lung cancers [11] . We identified 14 differentially expressed miRNAs in cardiac muscle between high-altitude and low-altitude populations of great tits. These miRNAs participate in different signal transduction pathways and different functional gene networks, such as cell growth, immune response, and metabolism. Interestingly, according to a very recent study of human subjects, miR-365 was significantly up-regulated in trophoblasts under hypoxic conditions [32] , consistent with the results of this study in great tits. As shown in the study by Calura et al., miR-19b-3p is also up-regulated in CD34+ cells in subjects with primary myelofibrosis and is associated with the hypoxia response [18] . Other reports have shown that miR-451 is up-regulated in human primary trophoblast cells in response to hypoxia [33] and in the lung during the development of pulmonary arterial hypertension after hypoxia [34] . Two of the up-regulated miRNAs identified in our study, miR-133a and miR-133b, were significantly increased in rats with chronic intermittent hypoxia-hypercapnia [35] . In contrast, a different result was observed for miR-133a, which is down-regulated in hypoxic H9c2 cells, and miR-133a also attenuates hypoxia-induced apoptosis [36] .
In the current study, miR-19b-3p mimics significantly increased cell proliferation under hypoxic conditions compared to normoxic conditions. In previous studies, miR-19b has been shown to promote cardiac fibroblast proliferation and migration [37] , improve cell survival and prevent H 2 O 2 -induced apoptosis in H9C2 cardiomyocytes by targeting PTEN [38] . Thus, miR-19b overexpression might be a novel therapy for myocardial ischemia-reperfusion injury [38] . The expression of miR-19b was significantly induced in subjects with acute necrotizing pancreatitis, and miR-19b up-regulation promoted the necrosis of pancreatic Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry acinar cells and vice versa [39] . TGF-β1/Smad2 signaling is negatively regulated by miR19a-3p/19b-3p, and these miRNAs inhibit the autophagy-mediated fibrosis of human cardiac fibroblasts by targeting TGF-βRII [40] . In addition, miR-19b reduces hepatic stellate cell proliferation by targeting GRB2 in hepatic fibrosis models both in vitro and in vivo [41] and markedly diminishes liver fibrosis in rats and humans [42] . Hypoxia is also a basic pathological challenge associated with numerous cardiovascular disorders. For example, miR-101 expression protects cardiac fibroblasts from hypoxia-induced apoptosis [43] . In a rat hypoxia model, miR-122 and its target genes play roles in the hypoxia responses that regulate glucose and energy metabolism and serve as potential biomarkers of mechanical asphyxia [44] . All these results support the concept that miRNAs regulate the response to hypoxia.
miR-19b-3p and its target gene MAPK1
Our results indicate that one of the identified hypoxia-related miRNAs, miR-19b-3p, and its target MAPK1, are related to hypoxia adaptation. This conclusion is supported by both the microarray findings in samples from normal and hypoxic conditions, and the cell-based validation assays. The expression of the MAPK1 gene was regulated by miR-19b-3p under hypoxic conditions. MAPK signaling is an important pathway by which hypoxia promotes tumorigenesis by suppressing the transactivation activity of p300 [45] , and thus plays an important role in tumor growth and transformation, depending on angiogenesis and alterations in glucose metabolism [46] . As shown in the study by Zhang et al [30] ., the MAPK signaling pathway regulates adaptations to hypoxia in the Tibetan pig. In subsequent studies, MAPK1 (ERK) inhibitors completely prevented the inhibitory effect of high glucose on human umbilical vein endothelial cells [47] . However, significant changes in glucose concentrations were not observed in cultures grown under either normal or hypoxic conditions in our study. Further studies are required to illuminate the mechanism by which MAPK1 regulates glucose metabolism during great tit growth under hypoxic conditions. Based on the results from reporter assays and qPCR, MAPK1 is a direct target of miR-19b-3p, and miR-19b-3p overexpression increased the expression of the MAPK1 protein. The miR-19b-3p mimics significantly prevented the cell proliferation under normoxic conditions.
Our study for the first time identified 14 hypoxia response miRNAs that were significantly differentially expressed in cardiac tissues between great tits from the high and low altitudes. Considering that the MAPK signaling pathway plays a crucial role in the hypoxia response in the great tit, we chose MAPK1 as the candidate gene. Of the 14 miRNAs predicted by both TargetScan and miRanda software MAPK1 binds only to miR-19b-3p. We verified their functions and their interaction. Our results highlight the important mechanisms by which miRNAs regulate the avian high-altitude adaptation in a non-model bird species. Our findings lay the foundation for studies of miRNA-mediated mechanisms underlying hypoxic adaptation in other fauna.
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